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Introduction
Efficient catalysis of the oxygen reduction reaction (ORR) is critical to electrochemical energy conversion, as the dominant source of loss in fuel cells 1 and discharge of metal-air batteries.
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Platinum and its alloys have been extensively investigated due to their high activity for the ORR, 1, 6 and are utilized commercially in proton exchange membrane fuel cells operated near room temperature for electric vehicle applications. However, material cost and scarcity have limited scaling-up of Pt-based catalysts for renewable energy applications, and have motivated the study of alternative, more abundant catalysts. [7] [8] [9] [10] Moving from acidic to basic solution, earth abundant metal oxides exhibit ORR activities that can approach those of Pt-metal.
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Catalysts with particular promise to catalyze the ORR in basic solution fall within the family of manganese oxides, which are abundant, inexpensive, and nontoxic with rich oxide chemistry.
Some manganese oxides are among the most active oxide catalysts. [11] [12] We show that the activities per material cost for Pt/C and LaMnO3+δ can be comparable while -MnO2 can have higher activity per cost than Pt/C, where the cost was approximated on a metals basis (weighted elemental Here we will compare the specific activity being current per oxide surface (mA/cm 2 oxide) and the mass activity being current per oxide mass (A/goxide) for Mn-based oxides. The specific activity is a practical approximation of the activity per active site (or turnover frequency), which is often unknown, and reflects the intrinsic activity of a chemistry. High mass activity-determined by particle size and morphology-is important for the development of catalysts for practical devices, which reduces the cost, size and weight. The optimal electrocatalyst should have both high specific activity and high mass activity. In addition to consideration of ORR current, four-electron reduction of molecular oxygen is desirable. The ORR in alkaline media can proceed by fourelectron reduction pathway to produce hydroxide (OH -) or by two-electron reduction pathway to produce hydroperoxide (HO2 − ). 16 Pt-based catalysts that can dissociate the oxygen-oxygen bond catalyze the ORR by the four-electron reduction pathway. [17] [18] Many active oxides for the ORR have shown to exhibit a number of electrons transfer close to four, 14, 19-21 which can be influenced by factors such as the valence state 22 of metal ions and the type of metal ions.
In this review, we focus on the recent development of manganese oxide catalysts for the ORR in alkaline media. First, we introduce the electrochemical techniques for the ORR process, comparing the benefits and shortcomings of different electrode geometries and measurement techniques. We next assess the importance of Mn valence state in catalysis of the ORR. show the numerous polymorphs for even the "simple" MnO2 can catalyze the ORR to produce hydroperoxide or hydroxide, and combinations thereof. We therefore consider the role of Mn valence in determining the products of ORR catalysis, as well as the relation between the activity toward peroxide disproportionation and reduction and the apparent reaction mechanism. In situ evaluation of catalysts highlights the reduction of Mn under ORR conditions, as well as the potential and pH dependence of material stability, also considered through computation. These cumulative studies have developed great insight into the mechanism of oxygen reduction to hydroperoxide and hydroxide, as well as support interactions.
Measuring and Quantifying ORR Kinetics: Specific and Mass Activities and the Number of Electrons Transferred
In order to measure ORR activity of a catalyst, three methods are commonly employed. We discuss their strengths and weaknesses; in particular, not all methods yield reliable measurements of the mass and specific activity. For a detailed comparison of different estimations of catalyst surface area, we refer the reader to the IUPAC recommendation 23 and our previous review. 24 First, catalysts can be included in gas diffusion electrodes 25 (GDEs) or fuel cell membrane electrode assemblies (MEAs) in a 2-electrode setup, which can be tested in alkaline fuel cells or metal-air batteries. 1, 26 These GDEs and MEAs have thicknesses on the order of tens to hundreds of microns and typically consist of carbon and binder in addition to the catalyst. It is challenging in GDEs or
MEAs to assess activity, and especially specific activity, due to the ill-defined electrochemically active (exposed to the electrolyte and electrically contacted) catalyst surface area and oxygen transport losses in the thick composite, which are difficult to separate from ORR kinetics.
Nonetheless, these tests are needed to demonstrate the usefulness of electrocatalysts in actual devices.
Second, rotating disk electrode (RDE) measurements, with well-defined oxygen transport by convection, can remove the influence of oxygen transport on ORR kinetics. 27 In this measurement, oxide powder is often dispersed with a high surface area carbon and binder such as ion-exchanged Nafion 14 to form a composite layer of ideally less than 100 nm to approximate a flat surface. 28 Using the RDE method, the apparent number of electrons transferred can be deduced via the relation between limiting current (normalized to the projected area of the disk) and rotation speed, analyzed with the Levich equation. 29 This analysis is only applicable if a sufficient amount of catalyst is added to be able to reach the limiting current within 10% of its theoretical value 28 (dashed lines in Figure 2 ). The expected ORR limiting current densities are close to 5.8 mA/cm 2 disk at 1600 rpm in 0.1 M KOH at room temperature [30] [31] for the hydroxide pathway (four electrons transferred; n = 4), as shown for Pt/C, LaMn0.5Cu0.5O3 and Mn3O4 in Figure 2A , and half that (2.9 mA/cm 2 disk) for the hydroperoxide pathway (two electrons transferred; n = 2) as shown for glassy carbon in Figure 2A . The number of electrons transferred or the amount of peroxide generated during the ORR can be also obtained with rotating ring disk electrode (RRDE) measurements, where the disk is surrounded by a Pt ring polarized such that oxidation of any HO2 -from the ORR is diffusion limited. 32 Taking the ratio of the ring current to the total measured current, normalized by the calibrated collection efficiency, enables estimation of the fraction of peroxide produced.
This allows deconvolution of a mixed pathway, however only HO2 -that escapes from the electrode will be detected and side reactions (e.g. Mn reduction) must not occur. In summary, the (R)RDE method can yield quantitative results for specific activity (if surface area is known), mass activity and the number of electrons transferred (or the product ratio of hydroxide to hydroperoxide).
Figure 2. Geometric current density (normalized to disk area) of (A) LaMn0. 57 and electronic conductivity 58 . Not only do these properties affect the mass activity of the oxides, but also they correlate with the electronic structure at the surface and thereby give rise to different specific activities. γ-MnOOH has similar 1x1 tunnels 59 to β-MnO2 with the space group P21/C (ref. 65 ; Figure 3E ), where the Mn 3+ is surrounded by edge-sharing octahedra of half O and half OH ligands, bixbyite α-Mn2O3 has corner-sharing octahedral, some of which are stretched with longer apical bonds due to Jahn-Teller distortion giving the orthorhombic space group Pcab (ref. 66 ; Figure 3F ), and perovskites denoted AMnO3 have corner-sharing octahedra and rare earth ions on the A site ( Figure 3G ). In further reduced forms, the spinel Mn3O4 forms a mixture of Mn 2+ and Mn 3+ found in tetrahedral and octahedral sites, respectively, with space group Fd-3m (ref. 67 ; Figure 3H ).
Specific ORR Activity
Reports of specific activity are scarce in literature. In this review, we have calculated and compared specific activities for select manganese oxides based on reported currents at 0.8 V or 0.7 V vs. RHE and oxide surface areas ( Table 1) . Regardless of crystal structure, the manganese oxides surveyed in Table 1 Considering other binary oxides, the β-phase (β-MnO2) is an order of magnitude more active (67 µA/cm 2 ox at 0.8 V vs. RHE) than α-MnO2 or δ-MnO2 (6-7 µA/cm 2 ox at 0.8 V vs. RHE; Table 1 ).
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However, we caution that other activity-determining parameters, such as oxygen defects 81 and the corresponding Mn valence [82] [83] , in addition to the reaction product (OH − or HO2 − ) might also differ for these phases. This is emphasized by the contrasting report of activity decreasing in the order of α > β > γ-MnO2 reported in a comparison of nanowires with more comparable morphology and size, but lacking a report of specific surface areas. 
The Number of Electrons Transferred in ORR
The ORR can proceed to form hydroxide or hydroperoxide in alkaline media. In the direct pathway, four electron transfers occur on the same catalytic site to form hydroxide ( Figure 5A ).
In the series pathway, there is an initial two-electron reduction of oxygen to peroxide (Figure 5B) , proceeding by the same pathway than steps 1 and 2 in the four-electron reduction in Figure 5A , can be subsequently reduced to peroxide in an "apparent" four-electron process (reinitiating the process of Figure 5B ). The four-electron ORR is desirable for energy conversion applications, and the generation of peroxide during the ORR needs to be minimized as it can chemically attack catalysts, 25, 84 catalyst support, 38 and ion-conducting membranes in fuel cells.
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Figure 5. 
The Activity for Peroxide Disproportionation
Manganese oxides can disproportionate peroxide chemically to generate molecular oxygen and water or hydroxyl species, where oxygen can be further reduced. Therefore, peroxide disproportionation kinetics on oxides can play an important role in ORR kinetics. MnO2, [92] [93] MnOOH, 41 and mixed oxides such as spinels and perovskites [94] [95] are active toward hydrogen peroxide decomposition, which can influence the number of apparent electrons transferred during ORR.
The activity toward hydrogen peroxide decomposition can be influenced by Mn valence in oxides. Partial substitution of La 3+ by Sr 2+ or Ca 2+ in La(1-x)AxMnO3 (A = Sr, Ca) has been shown to increase the activity toward peroxide decomposition. [96] [97] In La(1-x)SrxMnO3, the activity for the HO2 − decomposition was maximum at x=0.8, the highest Sr (and Mn 4+ ) content tested. 96 The corresponding increase in activation energy with activity suggested the compensation effect, 98 While the two-electron reduction of oxygen to peroxide can occur on carbon [102] [103] or manganese oxides, 103-104 the catalytic activity for peroxide disproportionation has been attributed solely to manganese oxides to give rise to apparent four-electron reduction of oxygen. 41, 104 This hypothesis is supported by a study from Calegaro et al. 105 where increasing the manganese oxide load (mixture of β-MnO2 and Mn2O3) relative to carbon was shown by Koutecky-Levich analysis to increase the number of electrons transferred from 2.1 to 2.8. 105 Further support comes from the fact that the efficacy of this process increases with decreasing scan rate in cyclic voltammetry, attributed to increased residence time for the manganese oxides to regenerate sufficient O2 from disproportionation. 41 Besides chemical disproportionation, there is a second route to increase the number of electrons transferred while involving peroxide intermediates: the electrochemical reduction of peroxide.
Various types of high-surface area carbon have been added to enhance the conductivity of composite electrodes in previous studies. [39] [40] 42 Due to the two-electron reduction of oxygen to peroxide on carbon, one would expect an increase of the peroxide yield when carbon is added.
However, La0.8Sr0.2MnO3 alone (supported on glassy carbon) produced around 40% peroxide, 22, 87 while incorporation of carbon black reduced the production to <10%; increased loading of both catalyst and support further reduced HO2 -production. 87 This suggests the oxide catalyst alone may not have sufficient conductivity to reduce peroxide produced on the glassy carbon substrate, which can be overcome by mixing with high surface area carbon for conductivity.
ORR Mass Activity
While specific activity of the ORR on manganese oxides can be influenced greatly by oxidation state, eg occupancy and covalency, ORR mass activity is also affected by specific oxide surface area (m 2 /goxide). A survey of mass activities from different manganese oxides can be found in Table   1 , where mass activity trends among these oxides are discussed below. Most perovskites need to be crystalized with high annealing temperatures, 106 resulting in micron-sized particles with low specific surface areas (<10 m 2 /g). While there have been some efforts to make perovskite nanoparticles, 19-20, 101, 106 the majority of reported perovskite catalysts have comparably large particle sizes and low to moderate mass activities ( Table 1) . On the other hand, binary Mn-based oxides can be formed at lower temperatures, 80 thus aiding in the production of nanostructured particles with high surface areas exceeding 30 m 2 /g (ref.
11 ). Amongst materials supporting fourelectron reduction, perovskite CaMnO3-δ nanoparticles remarkably exhibit the highest mass activity (~70 A/goxide), 19 and spinel CoMn2O4 has the second highest mass activity (60 A/goxide).
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Nanostructured 1D-tunnel-structure manganese dioxides have considerably lower mass activity, among which α-MnO2 is the most active (7 A/goxide). 15 Although MnO2/C (predominantly β phase with some Mn2O3) has been shown to have a mass activity of 100 A/goxide, 104 the number of electrons transfer is close to two yielding largely peroxide, which is highly undesirable for energy conversion applications.
Generally speaking, surveying average Mn valences ranging from 2.6 to 4 in both powders, 41, 107-108 and nanorods, 52, 109 Mn in the higher oxidation state of Mn 3+/4+ has been found most active by mass, similar to findings from the specific activity discussed above. The ORR mass activities of manganese oxides 41, 107 increased with Mn oxidation state from 1.2 to 1.4 A/goxide at 0.7 V vs.
RHE in the sequence of Mn5O8<Mn3O4<Mn2O3<γ-MnOOH. 41 Comparison with other studies suggest a mass activity of MnO2 allotropes 2-100 times greater 15, 21, 110-111 than more reduced oxides.
Toward Understanding of Manganese Oxide Surfaces During the ORR
With the above discussion concerning the role of Mn valence in ORR activity from the perspective of characterization proceeding catalysis, we turn next to review the surface of manganese oxides during ORR conditions. A computed E-pH (Pourbaix) 112 diagram of MnOx from density functional theory (DFT) calculations shows that the β-MnO2 phase with low-index (110) facet and partial coverage by adsorbed O is stable at the equilibrium potential of the ORR at 1.23
V vs RHE ( Figure 6A) . 113 Polarizing to the onset of the ORR (0.83 V vs. RHE) leads to the Mn2O3 (110) surface covered with a half monolayer of adsorbed OH as the most stable, which can be further reduced to a clean Mn3O4 (001) surface at lower potentials of 0.69 V vs. RHE. 113 DFT calculations suggest that the ORR may occur through an associative mechanism, where O2 adsorbs intact with intermediates as in Figure 5 a (in contrast to a direct dissociative/recombination mechanism), on surfaces of Mn2O3 (110) and Mn3O4 (001) stable under ORR-relevant conditions (termed "self-consistent"). The computed overpotential was highly dependent on the stabilization of intermediates through hydrogen bonds with water molecules. 113 Such calculations have found a theoretical onset potential of 0.4 V comparable to that measured experimentally for α-Mn2O3. 113 For ternary oxides such as the perovskite LaMnO3, DFT has assessed the relative stability of different terminations of the (001) The valence state of Mn has been shown experimentally to change as a function of ORR potential. [115] [116] [117] In situ evaluation of catalysts with hard X-ray absorption spectroscopy at the Mn Figure 6B ), 115 where disordered Mn3O4 was detected in operando by the XAS fine structure, displaying reduced peak intensity compared to the crystalline reference. 115 The facile reduction of these Mn
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Ox films to Mn3O4 throughout the film and their high specific activity of 700 µA/cm 2 at 0.8 V vs. RHE, quantified in a parallel study on glassy carbon substrates, 12 contrasts limited reduction to Mn3O4 during the ORR reported by others. [118] [119] The detection of Mn3O4 might be explained by the findings of DFT studies, 113 where small crystals favor the formation of the low surface energy phase Mn3O4, compared to Mn2O3. 120 Therefore, further in situ characterization of different manganese oxides prepared by different synthesis routes is needed to provide insights into the physical origin of the differences in observed activities. 121 or probing oxygen speciation with techniques like ambient pressure X-ray photoelectron spectroscopy. 122 A promising route to elucidate the details of the ORR mechanism entails eliminating support surfaces exposed to the electrolyte through the study of epitaxial thin film electrodes, which can serve as well-defined model surfaces. 36 This recent trend in electrode geometry offers great promise in separating the effect of substrate and the manganese oxide surface in ORR electrocatalysis, 34, 45 establishing the role of oxide conductivity and separating between direct and apparent four-electron processes. In combination with electroanalytical measurements and in situ spectroscopy, this could yield insight into the ORR mechanism with unprecedented clarity. 
Conclusions and Outlook

